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The ef fec ts  of varying density, thickness, wire diameter and s t i f fness  

parameters of candidate materials f o r  acoustic treatment of a i r c ra f t  

engine nacelles a re  shown by means of a unique acceleration controlled 

experiment. 

Carl E. Rucker 
Aerospace Engineer 
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ABSTRACT 

The National Aeronautics and Space Administration i s  presently sponsoring 

research which incorporates new materials i n to  the design of j e t  engine nacelles 

t o  reduce the flyover perceived noise levels  fo r  commercial a i r  transports.  

New materials of fibrous composition a re  being u t i l i zed  i n  e f fo r t s  t o  reduce 

j e t  a i r c ra f t  noise which adversely a f fec ts  communities adjacent t o  commercial 

a i rports .  

Fatigue data for  one class of fibrous material a re  presented i n  t h i s  paper. 

The material  i s  composed of random lengths of AISI 347 s tainless  s t e e l  wire, 

s i n t e r e d t o  form a porous structure.  This paper contains information on the 

e f fec ts  of varying the density, thickness and wire diameter of these materials 

and the e f fec t  of s t i f fening the wire matrix with supporting screens. 

Reversed bending fatigue t e s t s  were conducted on constant strength beams 

a t  constant t i p  acceleration and constant s t ress .  Beams were tes ted  a t  reso- 

nance as a cantilevered beam with i t s  base excited by an electromagnetic shaker. 

The beams were tes ted  t o  f a i lu re  or t o  a m i n i m  of 40 hours and the resu l t s  

a re  plot ted i n  the form of S-N curves. A progressive change i n  beam s t i f fness  



with negl igible  change i n  beam damping i s  i l l u s t r a t e d  from accelera t ion and 

s t r a i n  measurements. Increased fa t igue  s t rength i s  associa ted with increased 

density,  increased thickness,  decreased wire diameter, and with t he  addj t ion of 

s t i f f en ing  wire support screens. 

SYMBOLS 

Et = t e n s i l e  modulus of e l a s t i c i t y ,  l b / i n  2 
d€ 

f o  resonant frequency of beam system, Hz 

g accelera t ion due t o  gravi ty ,  386 in. /sec 2 

h thickness of beam, i n .  

L length of beam, i n .  

N number of fa t igue  cycles t o  f a i l u r e  

S a x i a l  or bending s t r e s s  calcula ted from acceleration o r  load measurements, 
lb / in2 

dS incremental change i n  s t r e s s ,  l b / i n  2 

t, t e n s i l e  u l t imate  s t r e s s ,  l b / i n  2 

ty t e n s i l e  y i e l d  s t r e s s ,  l b / i n  2 

A d e f l e c t i o n o f b e a m , i n .  

E a x i a l  or  bending s t r a i n  

dc incremental change i n  s t r a i n  

P~ 
density of AISI 347 s t a in l e s s  s t e e l ,  1b/in3 

INTRODUCTION 

Langley Research Center has been supporting contracts with McDonnell- 

Douglas Corporation and t h e  Boeing Company f o r  acoustic t r e a tmen to f  turbofan 

1 engine nacel les  of a type i n  use on many current  commercial j e t  a i r c r a f t  The 



main objective of t h i s  work i s  the  reauction of f lyover noise during landing 

approach operations; The sources of noise rad ia ted  from a turbofan engine a r e  

indicated schematically i n  f i g .  1. The noise generated ins ide  t he  engine 

rad ia tes  primarily from the  i n l e t  and t he  fan discharge ducts, whereas j e t  noise 

rad ia tes  mainly from the  mixing region of t he  primary j e t  exhaust. The objec- 

t i v e  of t h e  appl icat ion of acoust ical  duct treatment t o  t h e  nacel le  i s  t h e  

reduction of noise rad ia ted  from both t he  i n l e t  and fan  discharge ducts,  par-  

t i c u l a r l y  t h e  high frequency noises associated with the  fan.  

The manner i n  which acoustic treatment may be applied t o  a current  turbofan 

engine i s  shown i n  t he  cut-away sketch of f i g .  2. This f igure  was taken from 

r e f .  2 and shows t he  t r e a t e d  area of a McDonnel1-Douglas nacel le  f o r  a DC-8 

a i rplane.  It can be seen t h a t  treatment has been applied t o  t h e  i n l e t  a d  

center body surfaces plus an add i t iona l  concentric s p l i t t e r  r ing  i n  t he  i n l e t .  

The fan discharge ducts have been t r e a t e d  over t h e i r  e n t i r e  surfaces.  Although 

t h e  performance of such acoustic treatments has not  been completely evaluated, 

t h e  expected r e s u l t s  from t h e i r  use a r e  suggested by t he  estimates of f i g ,  3. 

Shown i n  f i g .  3 a r e  t h e  noise spectra  f o r  both a modified and an unmodified 

a i rplane f o r  the  condition of landing power and f o r  an observer pos i t ion  

approximately 1 mile from touchdown. It can be seen t h a t  sharp peaks occur i n  

t he  spectrum f o r  t h e  unmodified a i rplane a t  frequencies above 2 000 Hz, and 

these  peaks a r e  associated with t he  fan  of t h e  engine. The dashed curve i s  an 

est imation of the  noise spectrum f o r  comparable f l i g h t  conditions f o r  a a i r -  

c r a f t  which has been modified by t he  inclusion of acoustic treatment such a s  

was i l l u s t r a t e d  i n  f i g ,  2. Of pa r t i cu l a r  significance i s  t he  marked reduction 

i n  amplitude of t he  d i sc re te  frequencies associa ted with the  fan ,  Although 

several  d i f fe ren t  materials  a r e  under consideration f o r  appl icat ions ,  such a s  



those of f i g ,  2, one class  of t h i s  nzaterial has a randomly interlocked struc- 

ture  of metall ic f ibers  as  shown by the photographs of f i g .  4 and others have 

5 a woven filament structure . 
The purpose of the t e s t s  described i n  t h i s  paper i s  t o  furnish data for  

AISI 347 s ta in less  s t e e l  fibermetal (see f i g .  4) as a basis f o r  i n i t i a l  designs 

u t i l i z ing  these materials. Coupons were t e s t ed  t o  establish the experimental 

moaulus of e l a s t i c i t y  ( t e n s i l e ) ,  the t ens i l e  ultimate s t ress ,  and t ens i l e  yield 

s t r e s s .  Reversed bending fatigue l i f e  t e s t s  were run fo r  nine different  

material  configurations. Fatigue l ives  were studied by varying the parameters 

of density, thickness, f ibe r  diameter, and surface reinforcement i n  "standard" 

4 
fatigue t e s t s  t o  determine the e f fec ts  of variation of these parameters . 

EXPERIMENTAL PROCEDURES 

Test Specimen Configurations 

The specimens i n  t h i s  t e s t  were fabricated from commercially available 

AISI 347 s ta in less  s t e e l  fibermetal panels. The parent material i s  composed of 

a maximum of 0.08 percent carbon, 2.00 percent manganese, 0.045 percent phos- 

phorus, 0.030 percent sulphur, 1.00 percent s i l icon,  and a lso  has 17 t o  

l9 percent chromium, 9 t o  13 .percent nickel, columbium plus tantalum a t  l eas t  

10 times the carbon content, plus the balance i n  iron. The density of the 

parent material  i s  0.29 pounds per cubic inch, the t ens i l e  modulus of e l a s t i c i t y  

6 4 i s  28.0 x 10 pounds per square inch, the t ens i l e  ultimate load i s  9.0 X 10 p s i  

4 5 (bar anealed) , and the endurance l i m i t  i s  3.9 X 10 ps i  (anealed) . AISI 347 

i s  an austeni t ic  type (nonhardenable) s ta in less  s t ee l .  

The f ibers  were tooled t o  random lengths from 0.0018, 0.0028, or 

0.0038-inch-diameter wire depending on configuration and were bonded together 



i n  panel configurations by heating i n  a reducing atmosphere ( s in tered) ,  and 

were formed t o  the correct volume ( t h i ~ ' ~ e s s )  and density. The densit ies of 

the materials t e s t ed  were 40 percent, 55 percent, or 70 percent of the density 

of an equal volume of the parent material. The thicknesses of the materials 

tes ted  were 0.030, 0.060, or 0.090 inch. Two configurations were reinforced 

with 18 mesh (18 wires per inch) by 0.009-inch-diameter wire screens or 30 mesh 

(30 wires per inch) by 0.0075-inch-diameter .wire screens on both surfaces. 

Screens were fabricated with regular "window screen" rectangular grids from 

AISI 347 s ta in less  s t e e l  and were s intered t o  both surfaces of the random wire 

material. 

Sixteen t ens i l e  coupons and forty-four fatigue coupons were cut from 

four 12.5 inches by 16 inches commercially available fibermetal panels of each 

configuration. Each of the panels were cut i n to  11 fatigue coupons and 

4 t ens i l e  coupons ( f i g .  5 ) .  Electro dischayge machining technique resulted i n  

excellent edge conditions, with wires l e f t  re la t ive ly  undisturbed adjacent t o  

the cut. Fatigue coupons were selected i n  a random manner t o  prevent biasing 

of data due t o  sheet selection and location i n  the sheet. A l l  t ens i l e  speci- 

mens were t e s t ed  fo r  each configuration of fibermetal, whereas only a portion 

of the fatigue coupons were tested.  

Tensile Tests 

Standard t ens i l e  t e s t s  were m using a conventional hydraulic load 

machine. A one-inch gage length extensometer was used t o  measure s t r a in .  Load 

versus s t r a i n  was recorded on an x-y p lo t te r .  

Load-strain curves were obtained from tens i l e  t e s t s  and Et, tU, and t 
9 

6 were determined using techniques outlined i n  M i l  Handbook 5.A , (see f o r  example 



fig. 6,) A stress-strain curve based on measured specimen areas and load- 

strain curves, is used to determine Et 
which is defined as the slope of the 

straight line portion of the curve. T is computed from the intersection of 
Y 

the stress-strain curve and a line having the slope Et and intersecting the 

abscissa at the value 0.001 inch per inch. TU is the ultimate load divided 

by the specimen area. 

Fatigue Tests 

Most of the fatigue testing was accomplished on a 300-pound force electro- 

magnetic shaker system (fig. 7). The materials tested for obtaining the effects 

of density were begun on 50-pound force shakers, where some difficulties were 

encountered in loading the stronger materials. 

The specimens were mounted as cantilever beams as shown in the fig. 7. 

An oscillator capable of adjusting the frequency to an accuracy of 0.01Hz was 

used to set the driving frequency and amplitude of vibration. 

At the beginning of each test the driving frequency was varied at a rela- 

tively small amplitude in order to determine the approximate first natural 

bending vibration mode of the specimen. The fatigue tests were then accom- 

plished at the beam natural frequency at various root stress levels. 

The stress levels were determined with the aid of a piezo-resistive or 

piezo-electric accelerometer on the free end of the beam. The specimens were 

tested over a range of accelerations. Acceleration measurements were accurate 

within " percent for the 1 gram, 3 m.v.Ig piezo-resistive accelerometer which 
was used during most of the testing for evaluating change of the density 

parameter. Acceleration measurements were accurate within kl percent for the 

3 gram, 5.5 m . ~ . / ~  piezo-electric accelerometer which was used during the 



balance of tes t ing  and fo r  a l l  t e s t s  fo r  which the peak acceleration a t  the  

t i p  exceeded 5150g. 

The specimens were tuned t o  resonance ( f o )  by iilonitoring the t i p  acceler- 

ometer a t  very low loads. The peak deflection A and the peak acceleration 

g are then related by the following formula 

The beam was assumed t o  be a constant strength beam whose s t r e s s  S i s  

re la ted  t o  the deflection by7: 

For these studies the thicknesses, h, were 0.030, 0.060, and 0.090 inch. The 

length of the beam L was 4.3 inches and Et was determined fo r  each configu- 

ration by averaging the r e su l t s  from 16 t ens i l e  t e s t s .  

Supplementary instrumentation included a s t r a i n  gage a t  the root of the 

beam and a reference piezo-electric accelerometer located on the base-clamp 

which held the t e s t  specimen. The s t r a in  gages were ax ia l ,  advanced al loy,  

epoxy backed gages of 3/16 inch gage length ra ted  fo r  aluminum. The overal l  

gage length including tabs was 0.26 inch and the gr id width was 0 .1 inch .  The 

gages were ins t a l l ed  by impregnating a 0.0005 inch thickness long f ibe r  glass 

f e l t  with gage mounting cement and laying the glass f e l t  on the fibermetal 

surface where the gage was t o  be ins ta l led .  The f e l t  prevented "wicking" of 

the cement in to  the  fibermetal pores and furnished a durable mounting. 

Test data were monitored by root-mean-square voltage t o  dc converters 

(voltmeters ) . The output s t r a i n  and output t i p  acceleration analog signals 

were monitored on a s t r i p  chart recorder, The input frequency was measured 

from the osc i l l a to r  on a frequency counter, and the number of cycles accumulated 



were measured from the tip accelerometer by a counter in the continuous 

counting mode. 

A sample strip chart recording is shown in fig. 8. At the start of the 

test, acceleration was increased quickly to the desired level and was held 

essentially constant (typical variation was S . 5  "gff rms) for the duration of 

the test. As the test progressed, the natural frequency of the model decreased, 

probably because of reorientation of fibers, fracture of fiber bonds, breaking 

of the fibers, or some combination of these phenomena. The driving frequency 

was thus periodically readjusted to the new resonance values. Frequent adjust- 

ments of the input frequency and the tip acceleration as the beam stiffness 

decreased, resulted in essentially a constant loading force and constant root 

strain as seen from the acceleration and strain records of fig. 8. 

RESULTS AND DISCUSSION 

Tensile Tests 

Values of Et, T and Tu were determined for each of the tensile speci- 
Y' 

mens according to the methods of ref. 5 as illustrated in fig. 6. The average 

values for these data for each of the nine configurations are given in Table I. 

It can be seen from the table that increases in density and thickness of speci- 

mens, a decrease in the fiber diameter, and the addition of surface reinforce- 

ment screens had the effect of improving the mechanical properties of these 

materials. 

Fatigue Tests 

A sufficient number of specimens was tested to failure for the combinations 

of parameters of fig. 9, to allow the definition of S-N curves of the type shown 



i n  f ig s .  10 t o  13, where each data point represents a single t e s t  fa i lure .  In  

each case the  curves a re  fairedthrough the data points as an a i d  i n  the i n t e r -  

pretation of the data. A s  an example, the data of f ig .  10 i l l u s t r a t e  the 

e f fec ts  of model thickness f o r  a constant f ibe r  diameter and material density. 

It can be seen tha t  a t  a given s t r e s s  leve l  the greater number of cycles t o  

f a i lu re  i s  associated with the greater model thickness. Following the same 

manner of presentation, the data of f igs .  11, 12, and 13 indicate tha t  a greater  

number of cycles t o  f a i lu re  i s  associated, respectively, with an increase i n  

material density, a decrease i n  f i b e r  diameter and the addition of surface 

reinforcement screens. 

The quantity S, which i s  the calculated s t ress  based on acceleration 

measurements, and the quantity N, the number of cycles t o  f a i lu re  are  p lo t ted  

i n  f ig s .  10 t o  13 and are  tabulated i n  Table 2. Also included i n  Table 2 a r e  

measured resonant frequencies fo ,  measured peak accelerations g, calculated 

peak deflections A, and s t resses  EE based on measurements of ax ia l  s t r a ins  

E and Et from Table 1. 

The endurance l i m i t ,  which i s  the l imiting value of the s t r e s s  below which 

the material can presumably endure an i n f i n i t e  number of s t r e s s  cycles (where 

the  S-N curve becomes horizontal) ,  can be determined from the figures. A s  an 

example, an endurance l i m i t  of 4800 ps i  i s  estimated from 11 t e s t s  of the 

0.030 inch thickness material from the lower curve of f i g .  10. 

CONCLUDING REMARKS 

Reversed bending fatigue and t ens i l e  t e s t s  have been conducted for  s ta in-  

l e s s  s t e e l  f ibe r  metal material fo r  a range of geometric parameters. The 

resu l t s  indicate tha t  increased fatigue l i f e  and t ens i l e  strength were 



associated with increased model thickness,  increased mater ia l  density, decreased 

f i b e r  diameter and with t h e  addit ion of surface reinforcement screens. 
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TABLE 1.- AVEMGE VALUES FOR SIXTmN TERSILE TESTS ON FIBEFMETAL MATERIAL 

Parameter Percentage, Thickness, Fiber Reinforcement %:, Ty> Tu, 
studied PP 

h diameter meshlfiber d-iameter (, 10-6psi) (psi) (psi) 

Density 

Density 

40 0.060 0.0028 None 1-91 2813 7858 

55 -060 .0028 None 3.01 4894 13194 

All except 70 .060 .0028 None 8.83 12928 26149 
reinforcement 

Thickness 70 -030 .0028 None 7.14 1-13?? 22264 

Thickness 70 .O~O .0028 None 9 03 13694 27552 

Wire diameter 70 ,060 .0018 None 9.86 16062 30633 

Wire diameter, 
reinforcement 70 None 

Reinforcement 70 .060 .0038 3010.0075 in. 9.06 10470 23550 

Reinforcement 70 .060 .0038 18/0.009 in. 7 * 70 12032 23835 



TABL,E 2 . -  FATIGUE TEST RESULTS FOR 347 STAINLFSS STEEL FIBERMIXAL BEAMS WITH RJTVERSED BENDING LOADInG 



TABLE 2.- FATIGUE TEST RESULTS FOR 347 STAINLESS STEEL FFIBEDECAL BMIS !*JITH RFVERSEX BENDING LOADING - 
Concluded 

No failure 

No failure 

No failure 



CAPTIONS 

Figure 1.- I l l u s t r a t i o n  of sources of noise emitted by turbofan engines 

Figure 2.- Cutaway view of modified turbofan engine nacel le  showing treatment 

of i n l e t  and f an  ducts with acoustic mater ia l  

Figure 3.- Estimated flyover noise spectra  f o r  modified and unmodified four 

engine fan j e t  a i r c r a f t  a t  time of peak instantaneous perceived noise  l e v e l  

a t  an a l t i t u d e  of 370 f e e t  using landing power 

Figure 4.- I l l u s t r a t i o n  of random wire f e l t  f ibermetal  construction showing 

screen reinforcement and t yp i ca l  cross-section 

Figure 5.- Drawings of t e n s i l e  t e s t  and fa t igue  t e s t  models 

Figure 6.-  Sample s t r e s s - s t r a in  curve f o r  f ibermetal  t e n s i l e  t e s t  showing 

manner of determination of e l a s t i c  proper t ies  

Figure 7 . -  Test set-up showing fibermetal  fa t igue  coupon mounted a s  a cant i -  

lever  beam on a 300 pound force  shaker 

Figure 8.- Samples of time averaged values of the  peak accelera t ion and s t r a i n  

response time h i s t o r i e s  f o r  a f ibermetal  beam fa t igue  t e s t  

Figure 9.- Summary l i s t i n g  of t e s t  parameters showing t e s t  constants and 

ranges of var iables  

Figure 10.- The e f f e c t s  of model thickness on t he  reversed bending fa t igue  

behavior of 70 percent p density,  0.0028-inch-f i be r  diameter 347 s t a in l e s s  
P 

s t e e l  f ibermetal  beams 

Figure 11.- The e f f e c t s  of model density on the  reversed bending fa t igue  

behavior of 0.060-inch-thickness, 0.0028-inch-fiber diameter 347 s t a in l e s s  

s t e e l  f ibermetal  beams 



Figure 12.- The effects of model fiber diameter on the reversed bending fatigue 

behavior of 0.060-inch-thickness, 70 percent p density 347 stainless P 

steel fibermetal beams 

Figure 13.- The effects of model surface screen reinforcement on the reversed 

bending fatigue behavior of 0.060-inch-thickness, 70 percent 
P~ density , 

0.0038-inch-fiber diameter 347 stainless steel fiber metal beams 
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Figure 5.-  Drawings of t e n s i l e  t e s t  and f a t i g u e  t e s t  models. 
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Figure 6.- Sample s t r e s s - s t r a in  curve f o r  f ibermetal  t e n s i l e  t e s t  
showing manner of determination of e l a s t i c  proper t ies .  
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Figure 12.- The e f f ec t s  of model f i b e r  diameter on t h e  reversed bending fa t igue  behavior 
of 0.060-inch thickness, 70 percent pp density 347 s t a in l e s s  s t e e l  f ibermetal  beams. 



SCREENS 

0 3 0 M E S H  
n 18 MESH 
A NONE 

CYCLES TO FAILURE 

Figure 13.- The e f f ec t s  of model surface screen reinforcement on t he  
reversed bending fa t igue  behavior of 0.060-inch thickness, 70 per-  
cent P density, 0.0038-inch f i b e r  diameter 347 s ta in less  s t e e l  
fibermefa1 beams. 




